Detection of vector-borne pathogens is necessary for investigation of their association with vertebrate and invertebrate hosts. The ability to detect Ehrlichia spp. within individual experimentally infected ticks would be valuable for studies to evaluate the relative competence of different vector species and transmission scenarios. The purpose of this study was to develop a sensitive PCR assay based on oligonucleotide sequences from the unique Ehrlichia canis gene, p30, to facilitate studies that require monitoring this pathogen in canine and tick hosts during experimental transmission. Homologous sequences for Ehrlichia chaffeensis p28 were compared to sequences of primers derived from a sequence conserved among E. canis isolates. Criteria for primer selection included annealing scores, identity of the primers to homologous E. chaffeensis sequences, and the availability of similarly optimal primers that were nested within the target template sequence. The p30-based assay was at least 100-fold more sensitive than a previously reported nested 16S ribosomal DNA (rDNA)-based assay and did not amplify the 200-bp target amplicon from E. chaffeensis, the human granulocytic ehrlichiosis agent, or Ehrlichia muris DNA. The assay was used to detect E. canis in canine carrier blood and in experimentally infected Rhipicephalus sanguineus ticks. Optimized procedures for preparing tissues from these hosts for PCR assay are described. Our results indicated that this p30-based PCR assay will be useful for experimental investigations, that it has potential as a routine test, and that this approach to PCR assay design may be applicable to other pathogens that occur at low levels in affected hosts.
Canine monocytic ehrlichiosis (CME), sometimes known as tropical canine pancytopenia, is a cosmopolitan tick-borne disease of dogs that is primarily caused by the rickettsia Ehrlichia canis (10, (16) (17) (18) 31) . This parasite invades and develops in monocytes and macrophages of dogs, resulting in leukopenia, thrombocytopenia, fever, depression, and anorexia, and this species has been reported in association with at least one human case (26) . Three other ehrlichial organisms, E. chaffeensis, the human granulocytic ehrlichiosis (HGE) agent, and Ehrlichia ewingii, are zoonotic in the United States (5, 9) , and several reports suggest that these organisms also occur naturally in dogs and deer (3, 4, 6-8, 11, 12, 15) . Ixodid ticks transmit most of the Ehrlichia spp. characterized to date and appear to be the biological vectors of E. chaffeensis, the HGE agent, and E. ewingii. E. canis and E. chaffeensis are closely related, based on 16S rRNA gene (16S ribosomal DNA [rDNA]) sequences and antigenic cross-reactivity (2) . These observations indicate that tick transmission and canine infection studies with E. canis can serve as a model for further work with E. chaffeensis in dogs and humans and lead to better understanding of both pathogens.
A sensitive, specific PCR assay would be useful for detection of Ehrlichia spp. that typically occur at low levels in peripheral blood and are often undetectable with conventional light microscopy. Serologic methods can be effective for detection of antibodies to Ehrlichia spp. in vertebrate hosts, but seroconversion is only indicative of exposure and not the presence of infection. In addition, a PCR assay could be applied to the detection of pathogens in ticks (32) . A 16S rDNA-based PCR assay was previously developed for analysis of low levels of E. canis in canine blood after antibiotic therapy (36) , but, in our hands, this assay did not provide the desired level of sensitivity for detection of E. canis in individual experimentally infected ticks. This may have resulted from the limited selection of unique primers that are specific to a highly conserved E. canis gene. Conversely, PCR assays based on species-specific DNA sequences have met with success. For example, PCR has been utilized for amplification of msp-1␤ and msp5 sequences from the ehrlichial parasite Anaplasma marginale and resulted in highly sensitive and specific assays for that parasite (14, 33, 35) . Thus, another approach to a PCR assay for E. canis would be to utilize a gene sequence that is unique to Ehrlichia spp. to ensure specificity and to allow selection of optimally sensitive primer sequences. The E. canis p30 outer membrane protein multigene family consists of tandem copies with orthologous yet species-specific genes found in E. canis and E. chaffeensis (21-25, 27, 37) . The purpose of this work was to develop a PCR assay based on amplification of E. canis p30 to facilitate sensitive detection of the pathogen in experimentally exposed tick and canine hosts. An optimized template preparation procedure was used for assay of blood from a subclinical carrier (dog A72) of E. canis (Ebony isolate). Buffy coats were isolated from heparinized whole blood after centrifugation at 1,000 ϫ g for 20 min, and transferred to 1.5-ml microcentrifuge tubes. Erythrocytes remaining in the buffy coat were lysed with two volumes of TE (10 mM Tris-HCl [pH 8.0], 1 mM EDTA), and hemoglobin was removed by washing pelleted cells (13,000 ϫ g for 1 min) three times in TE. The final cell suspension was in 400 l of RPMI 1640 containing 100 g of proteinase K per ml and 0.45% (vol/vol) NP-40 and 0.45% (vol/vol) Tween 20, and the protein was digested for 1 to 2 h at 55°C. Digests were extracted one time each with equal volumes of buffer-saturated phenol (pH Ͼ7.5) (Life Technologies), phenol-chloroform-isoamyl alcohol (25: 24:1), and chloroform-isoamyl alcohol (24:1). DNA was precipitated by adding 1/10 volume of 3 M sodium acetate and 2.5 volumes of absolute ethanol (Ϫ20°C). The DNA samples were centrifuged at 14,000 ϫ g for 20 min at 4°C, allowed to air dry in a sterile, bleach-treated cabinet, and resuspended in 25 l of highperformance liquid chromatography (HPLC)-grade H 2 O.
Preparation of ticks for PCR assay. A seronegative dog (W90) was infected by i.v. injection with blood infected with the Ebony isolate of E. canis (provided by S. A. Ewing, Oklahoma State University), and once the dog displayed signs of patency, Rhipicephalus sanguineus nymphs (purchased from the Oklahoma State University Medical Entomology Laboratory) were allowed to acquisition feed in tick feeding cells until engorged. Engorged nymphs were held at room temperature at 95 to100% relative humidity with a 12-h:12-h photoperiod. After they had molted into adults, 10 male ticks were divided into two groups, and half were incubated for 80 h at room temperature or 37°C prior to bisection under aseptic conditions with flame-sterilized forceps and razor blades. Cohorts of these transstadially infected R. sanguineus ticks (30 pairs of adult-stage males and females) were allowed to transmission feed on dog A72 until all of the females had engorged and detached from the host, to confirm infection and transmissibility of E. canis by these ticks.
Each individual tick half was incubated overnight at 37°C in 50 l of digestion buffer containing 100 g of proteinase K per ml, 0.45% NP-40, and 0.45% Tween 20 in RPMI 1640, and then overlaid with mineral oil (Perkin-Elmer), heated to 105°C for 10 min, and placed on ice Ն1 min prior to further use. Aliquots (15 l) were removed from each digested tick sample and then pooled according to the preincubation temperature group. Another aliquot (25 l) was removed from each digest pool for PCR assay, and the remainder was subjected to protein extraction and DNA precipitation. Protein was extracted one time each with equal volumes of buffer-saturated phenol (pH Ͼ7.5) (Life Technologies), phenol-chloroform-isoamyl alcohol (25:24:1), and chloroform-isoamyl alcohol (24: 1). DNA was precipitated by adding 1/10 volume of 3 M sodium acetate and 2.5 volumes of absolute ethanol (Ϫ20°C), followed by storage overnight at Ϫ20°C. The DNA samples were centrifuged at 14,000 ϫ g for 20 min at 4°C, allowed to air dry in a sterile, bleach-treated cabinet, and resuspended in 25 l of HPLCgrade H 2 O.
Nucleotide sequence accession number. E. canis p30 and the homologous E. chaffeensis p28 ORF sequences were acquired from the GenBank database. Sequences for the Jake (accession no. AF082744), Florida (accession no. AF082750), Fuzzy (accession no. AF082749), DJ (accession no. AF082748), Demon (accession no. AF082747), Oklahoma (accession no. AF082746), and Louisiana (accession no. AF082745) isolates of E. canis and the St. Vincent (accession no. AF077735), Sapulpa (accession no. AF077734), Jax (accession no. AF077733), 91HE17 (accession no. AF077732), and Arkansas (accession no. AF068234) isolates of E. chaffeensis were used in this study. Multiple gene clusters for E. canis p30 (accession no. AF078553 and AF324792) and E. chaffeensis p28 (accession no. AF021338) were used to search for additional sequences complementary to those of the primers chosen for experimental evaluation.
p28 sequence was determined, and the products of identities and total annealing scores were used to rank potential primer sets for use in an E. canis PCR assay ( Table 2 ). The two top-ranked primer sets were synthesized for further development, and primer set 12 was synthesized because it was the highest-ranked set that flanked sets 1 and 2. Primers chosen for experimental evaluation were not identical to any other sequences within E. canis p30 or E. chaffeensis p28 multigene clusters, indicating that a sequence from a single gene is probably targeted for amplification with these primers. The forward primer sequences ranged from 21 to 25 nucleotides in length and were all located between nucleotides 278 and 412 of the ORF sense strand. The reverse primer sequences ranged from 20 to 23 nucleotides in length and comprised inverse complements of sequences that were all located between nucleotides 465 and 597 of the ORF sense strand.
Optimization of the p30-based PCR. Initial optimization experiments with primer set 2 resulted in the amplification of multiple bands; thus, this primer set was omitted, and the remaining trials were focused on sets 1 and 12. For the primary reaction with set 12, the optimum PCR conditions were determined to be 1.5 mM MgCl 2 , 0.2 M each primer, 0.04 U of Amplitaq-Gold per l, and, after enzyme activation at 95°C for 10 min, 55 cycles at denaturation, annealing, and extension temperatures of 94, 65, and 72°C, respectively, for 30 s each.
For the secondary or nested PCR with internal primer set 1, optimum reaction conditions were determined to be 2.5 mM MgCl 2 , 0.5 M each primer, 0.03 U of Amplitaq-Gold per l, 10% (vol/vol) of the appropriate primary reaction with primer set 12, and 40 cycles at denaturation, annealing, and extension temperatures of 94, 60, and 72°C, respectively, for 30 s each.
Amplification of the 200-bp target sequence by nested PCR of E. canis-infected peripheral blood from dogs with acute experimental CME. As expected, a 200-bp band was amplified from DNA prepared from blood samples collected from three dogs during acute experimental CME (Fig. 1) . This band was not observed from blood collected prior to infection of the two dogs assayed during experimentally induced acute CME. The a Identity score ϭ no. of oligonucleotide bases identical to aligned template/total no. of oligonucleotide bases. b Mean identity score for both primers of each set to all three E. chaffeensis groups. c Determined by the GCG (version 10.2) Prime program. The sum of annealing scores for primer secondary structure, nonspecific primer binding to the template sequence and self-complementarity of individual primers and complementarity between primer pairs is shown. The lowest scores indicate the primer sets with least complementarity to sequences other than the target binding site. DNA sequence of this amplicon was found to be identical to the 200-bp p30 target sequence and the reverse complement of ECAR1583A (Fig. 2) . Sensitivity and specificity of the p30-based PCR assays for E. canis. The relative sensitivities of the p30-based and 16S rDNA-based PCR assays were compared through amplification of a 10-fold dilution series of DNA isolated from buffy coats collected from an experimentally infected dog during acute CME (Fig. 3) . The primary and nested p30-based assays amplified target template diluted as much as 1 ϫ 10 Ϫ2 and 1 ϫ 10 Ϫ3 , respectively, while the 16S rDNA-based assay only amplified undiluted template. Thus, in our hands, the single-step and nested p30-based PCR assays for E. canis were more sensitive than the nested 16S rDNA-based assay by factors of 100 and 1,000, respectively.
The specificity of the E. canis p30-based assay was tested with a DNA template isolated from experimentally cultivated E. chaffeensis, HGE agent, and E. muris. Among the isolates tested, a robust 200-bp target amplicon was only amplified from E. canis, indicating that this p30-based PCR assay is species specific (Fig. 4) .
Detection of E. canis in canine blood. One of our goals is to better understand the interactions between ehrlichial organisms and their vertebrate and invertebrate hosts. The ability to detect rickettsiae directly within vertebrate blood and tissue samples as a test for the presence of infection is part of this goal. First, we determined the best procedure for blood preparation for the p30-based PCR assay for E. canis. Venous blood was collected with heparin from an experimentally in-FIG. 1. PCR assay of peripheral blood from dogs during acute CME. Three dogs were tested with the nested p30-based PCR described in the text. Buffy coat DNA preparations were assayed from two dogs prior to (lanes 1 and 2) and 21 days after (lanes 3 and 4) inoculation with E. canis Ebony isolate-infected blood from an experimentally infected dog (lane 5). The molecular size standard (M) is a 100-bp ladder.
FIG. 2. Confirmation of the E. canis nested target amplicon sequence. Multiple sequence alignment of the amplicon derived from nested
p30-based PCR of DNA from E. canis (Ebony isolate), the E. canis p30 target DNA sequence (Jake isolate), and primer set 1 (ECA30-384S and ECA30-583A). The DNA sequence for ECA30 -583A is the reverse complement of the oligonucleotide shown. The sequences were aligned and compared by using the Pileup (GCG, version 10.2) and Boxshade programs. White letters surrounded by a black box represent bases that are identical in each sequence of the alignment. FIG. 3 . Sensitivity of the p30-based nested PCR assay. The nested 16S rDNA (A) and primary (B) and nested (C) p30 PCR assays were compared to determine relative sensitivities. Buffy coat DNA was isolated from an E. canis carrier dog and subjected to a dilution series for simultaneous amplification with the two assays. Lanes 1 to 5, respectively, represent assays of the same template dilutions of 1 ϫ 10 0 , 1 ϫ 10 Ϫ1 , 1 ϫ 10
Ϫ2
, 1 ϫ 10
Ϫ3
, and 1 ϫ 10 Ϫ4 for each panel.
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on November 8, 2017 by guest http://jcm.asm.org/ fected E. canis carrier, and equal aliquots were subjected to different protocols for the preparation of template for PCR. Inhibition of PCR by hemoglobin is well known; thus, removal of hemoglobin from the blood sample is a major concern of any procedure in which PCR is used to assay samples. Although commercially available chemical and spin column kits designed for DNA isolation provided some positive results with buffy coat and whole-blood samples, these results were inconsistent in our hands. The only procedure that resulted in consistent, reliable amplification of the 200-bp target amplicon was buffy coat isolation followed in sequence by erythrolysis, hemoglobin removal, protein digestion, and phenol-chloroform protein extraction and ethanol precipitation of DNA. The utility of this buffy coat assay was also tested for detection of E. canis in canine blood during the persistent, cyclic rickettsemia associated with postacute and carrier-stage CME. Blood samples were randomly collected for over 2 years from dog A72, which was infected with E. canis by tick transmission. The buffy coat DNA isolation method was then used in combination with the p30-based PCR assay with samples from days 33 through 867 post-tick attachment (Fig. 5) . The single-step PCR assay detected E. canis in samples from post-tick attachment days 33, 142, and 867, but E. canis was only detected in all of the samples when the nested PCR assay was used. Amplicons were not observed in the preinfection buffy coat sample or the template-free negative controls for either PCR assay.
Detection of E. canis in R. sanguineus ticks. Reliable detection of Ehrlichia spp. in individual ticks is another objective that must be achieved for further characterization of the transmission cycle of ehrlichial parasites. The purpose of this experiment was to compare the efficacies of different template preparation protocols for the p30-based assay for E. canis in R. sanguineus. Different template preparation methods were compared on pooled tick samples that had been incubated for 80 h at room temperature or 37°C prior to bisection. One-half of each bisected tick was subjected to protein digestion in the presence of nonionic detergents, and then the individual samples were pooled, and digestion with proteinase K alone was compared to subsequent phenol extraction of proteins followed by ethanol precipitation of DNA. Protein digestion alone appeared to be the best method for assaying pools of tick tissues (Fig. 6A) . Furthermore, assay of both individual and pooled samples indicated that incubation of ticks at 37°C resulted in more sensitive detection of E. canis. Pooled samples of ticks incubated at the higher temperature resulted in a brighter PCR product. In addition, E. canis was detected in four of five individual experimentally infected ticks after incubation for 80 h at 37°C, compared to one of five ticks incubated at room temperature (Fig. 6B) . Companion ticks successfully transmitted E. canis to dog A72, which tested PCR positive for infection (Fig. 5) .
DISCUSSION
Detection of pathogens in invertebrate and vertebrate hosts is an important tool for experimental study of arthropod-borne diseases and is critical to understanding the transmission of these pathogens in nature. The results of this study demonstrate the utility of basing the design of PCR assays on genes that are unique to the target organism rather than those that are widely conserved among bacterial species. This work represents, to our knowledge, the first demonstration of an Ehrlichia species in individual experimentally infected ticks with a PCR assay.
A nested PCR assay for E. canis based on p30 was developed, and the 200-bp amplicon was confirmed as the target by cycle sequencing and its amplification only from blood of experimentally infected dogs. The optimum numbers of cycles for both reactions, particularly the primary reaction, were greater than expected. One explanation for this finding may be the enzyme used, Amplitaq-Gold, which requires heat activation prior to amplification. It is conceivable that a portion of this enzyme remains inactive until the amplification cycles are   FIG. 4 . Specificity of the p30-based nested PCR assay. Lane 1 is the template-free control, lanes 2 and 3 represent amplification of 50 ng of E. canis Ebony and Oklahoma isolates, respectively, and lanes 4 to 6 represent assays of 50 ng of DNA isolated from E. chaffeensis, HGE agent, and E. muris, respectively. The 100-bp ladder (M) serves as the molecular size standard. on November 8, 2017 by guest http://jcm.asm.org/ under way; thus, additional active enzyme becomes available in the course of the reaction, increasing the number of cycles required for optimal PCR. The sensitivity and specificity of this assay were also analyzed to determine its potential value under experimental as well as field conditions. To determine the relative sensitivity of the p30-based PCR assay, both the p30-based and a previously reported 16S rDNA-based PCR assay were used to amplify a 10-fold dilution series of DNA isolated from buffy coats collected from an experimentally infected dog during acute CME. The diploid mammalian genome is approximately 6,000-fold greater in size than the ehrlichial genome (30) , and potential contamination with host cell DNA makes estimation of ehrlichial DNA quantities in canine buffy coat samples impractical for our purposes. Therefore, the relative sensitivities of the primary and nested p30-based assays were determined by amplifying equal amounts of the same template dilutions. Both the primary and nested p30-based assays were more sensitive than the nested 16S rDNA-based assay, but in our hands, only the nested PCR consistently detected E. canis in carrier blood. A single-step PCR assay would be preferred as a diagnostic test, because it would be more convenient and would be less apt to provide false-positive results due to carryover contamination. However, we found that the greater sensitivity of the nested PCR assay is still needed for experimental studies. Addition of a more sensitive means of detecting amplicons, such as inclusion of biotinylated primers or a probe hybridization step (19, 20) , may improve the sensitivity of a single-step p30-based PCR assay to levels that are comparable to those of nested PCR. More recently, reverse transcription (RT)-PCR amplification of 16S rRNA was found to be 100-fold more sensitive for detection of E. chaffeensis than the 16S rDNA-based PCR with the same primers (13) . A similar approach could prove useful for increasing the sensitivity of the p30-or 16S rDNA-based assays for E. canis and may circumvent the need for a nested PCR assay. Primer sets 1 and 12 occur only once in the p30 multigene clusters. Thus, the 100-and 1,000-fold greater sensitivities of the p30-based primary and nested assays, respectively, probably resulted from selection of optimal primer and/or amplicon sequences from the p30 target sequence, which is also divergent from the homologous p28 sequence of E. chaffeensis. Interestingly, all of the optimal forward and reverse primer sequences were located within a region of 135 bp or less, flanking a common amplicon target. These observations indicate that development of PCR assays based on species-specific target sequences is a valid alternative to the design of unique primers for widely conserved sequences. Sensitivity was the primary concern for a PCR assay being applied under experimental conditions, but specificity is also vitally important if this assay is to be useful under field conditions or under experimental conditions that involve mixed infections.
It was expected that primers divergent from E. chaffeensis were likely to be specific for E. canis, but the potential for amplification of other copies of the omp-1 gene family in other Ehrlichia spp. could not be ignored. Thus, DNA extracted from E. chaffeensis and E. muris, the two known species most closely related to E. canis (based on 16S rDNA sequence homology), in addition to the HGE agent were used to test the specificity of this assay. The robust 200-bp band was only observed with the E. canis template. However, specificity trials with additional hemoparasite species, as well as adaptability of these primers to more geographically diverse E. canis isolates, would be advisable prior to the application of this test to field studies.
Detection of E. canis in ticks with this newly developed assay will be useful for monitoring experimental transmission efforts, conducting epidemiological investigations, identifying infected vectors, and possibly identifying vertebrate hosts through xenodiagnosis. Several methods have been developed for detecting pathogens within vectors, but the advantages of PCR and RT-PCR include improved sensitivity, adjustable specificity, reduction of sample size, and often relatively simple sample preparation procedures. In addition, there are technical advantages of assaying tick vectors for rickettsiae. First, hemoglobin from the host bloodmeal does not appear to be a major problem with regard to inhibition of the PCR assay (33) (34) (35) . Also, because invertebrate vectors usually are biological hosts for these pathogens, ticks can be used to biologically amplify the assay target organism prior to attempting PCR. The latter advantage also allows manipulation (e.g., incubation of suspected tick hosts at 37°C to stimulate proliferation of the pathogens) for greater sensitivity and enhances the potential FIG. 6 . Detection of E. canis in experimentally infected ticks. R. sanguineus adult male ticks were infected as nymphs and incubated at RT or 37°C prior to aseptic bisection, followed by digestion of individual tick halves with proteinase K in the presence of nonionic detergents. (A) Pooled digests of ticks subjected to proteinase K digestion alone (lanes 2 and 5) or to DNA purification (lanes 3 and 6). Lanes 1 and 4 represent infected canine buffy coat DNA and a template-free control, respectively. (B) Individual ticks incubated at RT (lanes 2 to 6) Lane 1 represents infected canine buffy coat DNA as a positive control. (C) Individual ticks (lanes 2 to 6) incubated at 37°C prior to bisection and proteinase K digestion. Lane 1 represents a template-free control. 
